The physiological importance of cholesterol in the cell plasma membrane has attracted increased attention in recent years. Consequently, the use of methods of controlled manipulation of membrane cholesterol content has also increased sharply, especially as a method of studying putative cholesterol-enriched cell membrane domains (rafts). The most common means of modifying the cholesterol content of cell membranes is the incubation of cells or model membranes with cyclodextrins, a family of compounds, which, due to the presence of relatively hydrophobic cavity, can be used to extract cholesterol from cell membranes. However, the mechanism of this activity of cyclodextrins is not completely established. Moreover, under conditions commonly used for cholesterol extraction, cyclodextrins may remove cholesterol from both raft and non-raft domains of the membrane as well as alter the distribution of cholesterol between plasma and intracellular membranes. In addition, other hydrophobic molecules such as phospholipids may also be extracted from the membranes by cyclodextrins. We review the evidence for the specific and nonspecific effects of cyclodextrins and what is known about the mechanisms for cyclodextrin-induced cholesterol and phospholipid extraction. Finally, we discuss useful control strategies that may help to verify that the observed effects are due specifically to cyclodextrin-induced changes in cellular cholesterol.
Introduction
Numerous studies have shown that a variety of cellular functions are affected when cells are exposed to β-cyclodextrins (βCDs), a class of pharmacological agents commonly used to remove membrane cholesterol. The goals of this review are to summarize the evidence for cholesterol-specific and nonspecific effects of βCDs, to discuss whether cholesterol-specific effects can be attributed to the raft-disruption or to general membrane cholesterol depletion, to describe what is known about the biophysical and biochemical mechanisms of βCD-induced cholesterol depletion, and finally to discuss strategies for verifying the specificity of these effects for cholesterol depletion.
What are β-cyclodextrins?
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of α-(1-4)-linked D-glycopyranose units, which are primary degradation products of starch (reviewed by Davis and Brewster [1] and Uekama [2] ). These compounds have been long recognized as potent carriers for hydrophobic drugs because, although they are water soluble, they contain a hydrophobic cavity which may encapsulate various hydrophobic molecules. CDs typically exist as hexamers (αCDs), heptamers (βCDs) or octomers (γCDs). The degree of polymerization defines the size of the hydrophobic cavity and, consequently, the affinity of the carrier to specific classes of compounds [1, 2] . β-cyclodextrins have the highest affinity for inclusion of cholesterol and are the most efficient in extracting cholesterol from erythrocyte and model membranes [3] [4] [5] . αCDs, on the other hand, are the most efficient in extracting phospholipids [4] . These differences have been attributed to the size and hydrophobicity of the CD inner cavities. Specifically, the cavity of αCDs appears to be too small to accommodate cholesterol molecule and the cavity of γCDs is not as hydrophobic as that of βCDs [4, 5] . It is also important to note that the cavity of single βCD molecule (∼ 8 Å) is too small to screen a cholesterol molecule (∼ 18 Å) from water and two stacked βCD molecules seem to be required [6] . Another difference between α-, β-, and γCDs is their water solubility, which at ambient conditions is 2% weight by weight for βCDs vs. 13% and 26% for αCDs and γCDs respectively [1] . Water solubility of βCDs, however, can be significantly improved by using hydrophilic modifications, such as methylated, 2-hydroxypropylated, sulfobutylether and branched CD derivatives [2] . Methyl-β-cyclodextrins (MβCD) and 2-hydroxyl-β-CD (2OHpβCD) are most widely used in cell biology to deplete cells of cholesterol.
2. β-cyclodextrins as cholesterol donor-acceptor system 2.1. β-cyclodextrins are efficient in removing cholesterol from cellular membranes Numerous studies have shown that exposing cells to βCDs results in removal of cellular cholesterol. The degree of cholesterol depletion is a function of the βCD derivative used, its concentration, incubation time, temperature and type of cells. MβCD was shown to be the most efficient as acceptor of cellular cholesterol, when compared to 2-hydroxypropyl (2OHPβCD), carboxymethyl, and tetradecasulfated β-cyclodextrins [7] [8] [9] and it is most commonly used. When cells are exposed to high concentration of MβCD (5-10 mM) for a prolong period of time (N2 h) 80-90% of total cellular cholesterol can be removed (e.g. [7, 10] ). Under these conditions, cells typically lose their morphology, round up and in extreme cases become nonviable. Indeed, hemolysis was one of the earlier noted effects of cyclodextrins [11] . Decreasing the concentration of the CD and/ or using shorter incubation times results in milder depletion effects. Typical examples of MβCD effects on the level of cellular cholesterol are shown in Table 1 . It is important to note that the degree of cholesterol depletion may differ significantly between cell types even when comparable CD concentrations and exposure times are applied [7, 8, 10, [12] [13] [14] [15] [16] [17] [18] [19] . Most surprisingly, Fulop et al. [19] showed that at low concentrations (0.5 mM for 30 min) MβCD induced an increase rather than decrease in cellular cholesterol of T lymphocytes isolated from young subjects and that the effect was reversed by prolonging the exposure to 60 min. An MβCD-induced increase in cellular cholesterol was observed only in cells isolated from young but not from elderly subjects. Fulop et al. attributed the MβCD-induced cholesterol increase to disruption of membrane rafts. These observations underscore the importance of verifying the effect of cyclodextrins on the specific cell type and experimental condition.
β-cyclodextrins may alter cholesterol distribution between different cellular membranes
Another important issue to consider is the impact of cyclodextrins on cholesterol distribution between different cellular membranes. Several studies have shown that plasma membranes have significantly higher cholesterol levels than intracellular membranes [20] [21] [22] [23] . Specifically, ∼ 90% of free cholesterol was estimated to reside in the plasma membrane in several cell types [22] [23] [24] . However, van Meer [25] estimated that plasma membrane contains only 25-40% of total cellular cholesterol. Thus, exposing cells to cyclodextrins may also affect cholesterol levels in the intracellular membranes, which were suggested to constitute the slow kinetic pool of cholesterol as estimated by cyclodextrin-induced cholesterol efflux [26] , (see discussion below). In fact, it has been shown that cholesterol level in the intracellular membranes is regulated by cholesterol level in the plasma membrane [27, 28] . Furthermore, small changes in plasma membrane cholesterol may induce more dramatic changes in the cholesterol level in the intracellular membranes. For example, Lange et al. [27] showed that exposing fibroblasts to 2% hydroxypropyl-β-cyclodextrin resulted in a ∼ 25% depletion of total membrane cholesterol, at the same time causing an 80% depletion of the cholesterol level in the endoplasmic reticulum. In contrast, treatment of epithelial cell line BHK with 10 mM MβCD resulted in a strong decrease in cholesterol-specific fluorescence in the plasma membrane, as estimated by filipin binding, whereas the intracellular staining was affected to a lesser degree [16] . Thus, it is essential to take into account that exposing cells to βCDs may alter the relative distribution of cholesterol between different cellular compartments with corresponding physiological effects.
Cholesterol depletion from different membrane domains
Much of the evidence reported using various methods and cell or model systems suggests that cholesterol distribution in the membrane is heterogeneous and that it is concentrated in cholesterol-rich and sphingomyelin-rich membrane domains (membrane rafts). The exact nature and even presence of membrane rafts in cellular rafts is a hotly debated issue, and until very recently no accepted definition of these structures existed. The recent Keystone Symposium on Lipid Rafts and Cell Function (March 23-28, 2006 in Steamboat Springs, CO) advanced the following consensus definition: "Membrane rafts are small (10-200 nm), heterogeneous, highly dynamic, steroland sphingolipid-enriched domains that compartmentalize cellular processes" [29] . Furthermore, cells may contain several distinct raft sub-types [30] [31] [32] [33] [34] . Morphology, size, density and molecular composition of rafts in cellular membranes are still controversial, as summarized recently in several excellent reviews [33, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] and a detailed discussion of these topics is beyond the scope of the current review. The goal of this section of our review is to analyze the evidence suggesting that MβCD extracts cholesterol from the raft membranes.
Typically, membrane rafts are identified as low-density membrane fractions separated by sucrose gradient (with or without detergent extraction). These fractions were estimated to contain ∼30%-50% of total [61] [62] [63] or plasma membrane [64, 65] cholesterol in several cell types, including MDCK cells, macrophages and monocytes (since it is difficult to get a pure plasma membrane fraction, it is likely that some contamination of internal membranes is present in plasma membrane preparations). We have observed a slightly different cholesterol distribution with ∼80% in low-density membrane fractions in Chinese Hamster Ovary cells (Tikku et al. Ms. submitted) and only the low density fractions contained measurable amounts of cholesterol in smooth muscle cells [67] . In contrast, only 4% of membrane cholesterol was found in the caveolae fraction isolated from plasma membranes of human fibroblasts [66] . A possible explanation for these discrepancies is the differences in the isolation protocols. Specifically, Gaus et al. [65] showed that while at low detergent concentration (0.2% Triton), detergent and non-detergent protocols yield similar results, increasing the Triton concentration to 1% resulted in a dramatic redistribution of cholesterol from lowto high-density fractions. Similarly, we observed that in CHO cells, Triton-insoluble fractions contained only ∼25% of the total membrane cholesterol, whereas low-density membrane fractions isolated with the non-detergent method contained ∼80% of total membrane cholesterol (Fig. 1 ). In addition, using different detergents also yields different cholesterol distributions [50, 65, 68] . Moreover, growing evidence suggests that detergent resistant membranes should not be identified as rafts [40, 48, 49, 51] . However, detergent-free extractions may also be dependent on experimental conditions, and be susceptible to artifacts [51] . Thus, while the precise distribution of cholesterol between different membrane domains is controversial, it appears that cholesterol does not reside exclusively in the rafts but that significant amount of it is found in the non-raft fractions.
It is also important to put these findings in context of the fraction of the cell surface suggested to be occupied by membrane rafts. Here also a wide range of values (13-80%) was reported, depending on the specific method and cell type used (reviewed by [42] ). Briefly, Schutz et al. [69] reported that the regions of confined slow lipid diffusion, that they associated with membrane rafts, occupy 13% of the cell surface of smooth muscle cells. A similar estimate (10-15%) was reported by Gaus et al. [59] in living macrophages using two-photon microscopy of environmentally sensitive probe Laurdan whose fluorescence properties depend on the physical properties of the lipid membrane bilayer. However, Gidwani et al. [58] , using steady-state fluorescence The levels of free (unesterified) cholesterol were measured either by gas-liquid chromotography [7, 8, 10, 17] or using colorimetric or fluorometric cholesterol oxidase assays [14] [15] [16] 19] . We have compared the two methods directly and obtained identical results (not shown). It is important to note that the variability between the different studies may be attributed not only to the type of cell and concentration and duration of the CD exposure but also to differences in cell density, passage, temperature, and other experimental conditions that may not be specified in the original papers. a In this study, cells were first pretreated with lovastatin/mevalonate to inhibit cholesterol synthesis.
anisotropy of two lipid probes, estimated that roughly 40% of the plasma membrane surface of RBL-2H3 mast cells is occupied by ordered domains. A similar estimate was given by Simons and Toomre [36] simply on the basis of relative abundance of sphingolipids in the inner and outer leaflets. Using electrone spin resonance, Swamy et al. [70] found that most of the living cell surface is occupied by the Lo phase (rafts), which is continuous, and contains smaller regions of Ld phase, consistent with the model suggested previously by Munro [40] . A model where the bulk of the membrane is occupied by "rafts" is also consistent with experiments in model systems [71] .
The crucial question is whether βCDs may be used to selectively remove cholesterol from rafts or from non-rafts domains. Multiple studies have shown that cholesterol depletion results in disassociation of a variety of proteins from detergent resistant/low-density membrane fractions (e.g. [14, [52] [53] [54] [55] ) and a decrease in clustering of raft-associated molecules [56] . Furthermore, cholesterol depletion induces significant changes in the physical properties of these fractions, as revealed by measuring diffusion of raft-associated proteins [57] , by fluorescent anisotropy measurements of the raft and non-raft domains [58] , and by laurdan generalized polarization [59] . Cholesterol depletion also results in disappearance of caveolae [15, 60] , and inhibition of membrane ruffling [18] . These observations, however, do not mean that cholesterol is extracted exclusively from rafts. In fact, several studies have shown that βCDs are capable of removing cholesterol from both low and high density membrane fractions (Table 2) [62] [63] [64] [65] 72] , suggesting that cholesterol is removed from both raft and non-raft fractions, or more precisely from both Lo and Ld phases. Nevertheless the efficiency of cholesterol removal may vary among various membrane domains, as discussed below.
Several studies have shown that the efficiency with which βCDs remove cholesterol from the low-density fractions appears to be higher than cholesterol depletion from the high density fractions, both in the presence of detergents and in detergent-free isolations [62, 64, 65] . In other studies, however, the effects were comparable [63, 72] and depended on the specific exposure conditions [72] . It seems likely, therefore, that at least in some cell types the use of short exposures [62] or very low CD concentrations [65] allowed selective depletion of cholesterol from lipid rafts without having a significant effect on non-raft cholesterol. Taken together, these studies suggest that raft cholesterol may be removed faster than the non-raft cholesterol. It is important to note that similar conclusions were reached on model membranes, with characterized Lo and Ld phases (see Section 2.5). It is thus possible under specific conditions to preferentially remove cholesterol from membrane rafts. Interestingly, Rouquette-Jazdanian et al. [62] showed that HPβCD (hydroxypropyl β-cyclodextrin) ∼1 mM/60 min THP-1 macrophages significant little or none [64] e TMCD (trimethyl cyclodextrin) ∼3 mM/60 min THP-1 macrophages significant little or none [64] In all of the studies listed above, membrane fractions either of total or of plasma membrane were separated by discontinuous sucrose gradients with or without detergents. Cholesterol levels were quantified either using HPLC or cholesterol oxidase assay. a Total membranes, sucrose gradient (5, 35, 42.5% w/v) in the presence of 0.5% Triton X-100. Fractions 1-3 were GM1 positive and defined as lipid rafts.
b Total membranes, sucrose gradient (5, 35, 42.5% w/v) in the presence of 1% Triton X-100, Fraction 5 was found to be cholesterol rich and defined as "low-density", fractions 9-11 were defined as "high density".
c Plasma membranes, sucrose gradient (5, 20, 25, 35, 45% w/w sucrose) either using a non-detergent method (sonication) or in the presence of low concentration of Triton X-100 (0.2%). Rafts were defined as fractions 2-4 and non-rafts were defined as fractions 8-10. The two methods yielded similar results [65] .
d Total membranes, sucrose gradient (0.2-0.9 M with 0.1 M step) in the presence of 0.5% Triton X-100. Fractions 2-4 were cholesterol rich and defined as rafts [62] .
e Plasma membranes separated by a sucrose gradient (5-45% w/w sucrose) in the presence of 0.2%Triton X-100 or 1% Lubrol WX, Rafts were defined as fractions 2-4 and non-rafts as fractions 8-10 [64] . Fig. 1 . Raft and non-raft cholesterol contents in Triton-Insoluble (TI) and TritonSoluble (TS) membrane fractions isolated using 1% cold Triton (A) or Low Density (LD) and High Density (HD) membrane fractions isolated using nondetergent sonication protocol (B). Briefly, for both procedures, cells were scraped into buffer A (in mM): 150 NaCl, 20 HEPES, 5 EDTA, pH 7.4, 1× Protease Inhibitor Cocktail (PIC) (Roche, Indianapolis, IN), 1 μg/ml pepstatin, and homogenized in a Dounce tissue grinder (40 strokes), and centrifuged for 10 min at 1000×g. The pellet was resuspended, dounced, and re-centrifuged for 10 min at 1000×g. Combined supernatant was centrifuged for 1 h at 200,000×g to obtain the "high speed pellet" (SW40Ti rotor, Beckman Coulter, Fullerton, CA). For preparing Triton-soluble and Triton-insoluble fractions, the high-speed pellet was resuspended in 1 ml of Buffer A, sonicated 3 × 10 s, and supplemented with a small volume of concentrated solution of Triton X-100 to a final concentration of 1%. After 15-min incubation on ice, the suspension was centrifuged for 1 h at 200,000×g. Then, the pellet (Triton insoluble fraction) was resuspended in Laemmli buffer. For isolation of membrane fractions using nondetergent method, the total membrane pellet was resuspended in 1 ml of 45% sucrose solution, sonicated and layered on sucrose gradient (35%-5%). The sucrose gradient was then centrifuged for 18 h at 100,000×g. After centrifugation, 11 fractions were collected, protein was precipitated by TCA and measured using BCA Protein Assay Kit (BioRad, Hercules, CA). The samples were then resolved on 12% SDS PAGE at reducing conditions followed by transfer to PVDF membranes. depletion of cholesterol from the low-density membrane fractions has little effect on the distribution of lipid raft markers whereas further cholesterol depletion that removes it from the non-raft domains has the so-called "raft disrupting" effect. Clearly, more studies are needed to investigate the relationship between raft cholesterol and the integrity of raft protein complexes. In summary, the preponderance of evidence suggests that relatively high (≥ 10 mM) MβCD concentrations and relatively long (≥ 30 min) exposures will lead to cholesterol depletion from all membrane fractions. Conversely, short (2-10 min) exposures and/or low (≤ 1 mM) concentrations may preferentially remove cholesterol from the low-density membrane fractions.
β-cyclodextrins are also efficient in enriching and/or replenishing cells with cholesterol
The high affinity of βCDs for cholesterol can be used not only to remove cholesterol from the biological membranes but also to generate cholesterol inclusion complexes that donate cholesterol to the membrane and increase membrane cholesterol level. βCD-cholesterol inclusion complexes are typically generated by mixing cholesterol suspension with a cyclodextrin solution, as described earlier [8, 10, 73] . The ratio between the amounts of cholesterol and cyclodextrin in the complex determines whether it will act as cholesterol acceptor or as cholesterol donor [8, 13, 74] . The efficiency of cholesterol transfer from βCD inclusion complex to biological membranes depends on βCD: cholesterol molar ratio, βCD-cholesterol concentration, and duration of the exposure [8, 10, 13, 17, 73, 74] . Thus, it is important to note that exposing cells to βCD-cholesterol complexes that contain saturating amounts of cholesterol typically results not just in replenishing cholesterol to control levels but in significant cholesterol enrichment. Cholesterol enrichment is observed even if the cells were first depleted of cholesterol and then exposed to βCD-cholesterol complexes.
Repletion of cholesterol-depleted cells
Klein et al. [73] showed that exposing MβCD-depleted membrane vesicles isolated from guinea pig myometrium to increasing concentrations of MβCD-cholesterol labeled with [ 3 H]cholesterol resulted in a maximum [ 3 H]cholesterol incorporation upon incubation with 0.5 mM MβCD-cholesterol. The molar ratio of cholesterol to phospholipid in such membranes (1.0) was 54% higher than in untreated membranes (0.65). Exposing the membranes to lower concentrations of MβCD-cholesterol for the same period of time (30 min) resulted in a significantly smaller amount of cholesterol incorporation [73] . In a parallel study, Gimpl et al. [75] showed that when the Sf9 insect cells which naturally have very low cholesterol level (C/P = 0.04) are exposed to MβCD-cholesterol, their cholesterol levels increase up to C/P = 0.65. Consistent with these studies, Sheets et al. [14] have shown that the cholesterol content of mast cells after the depletion/ repletion procedure was 3.0-3.5 fold higher than the cholesterol content of untreated control cells. In summary, the repletion procedure has to be optimized for every experimental system in order to avoid an inadvertent increase of cholesterol to the level far above the control. Importantly, it is not currently known whether cholesterol added to membranes in repletion experiments is distributed between rafts and non-rafts in a manner similar to the original distribution.
Cholesterol enrichment
As expected, saturated βCD:cholesterol complexes are most efficient as cholesterol donors [8, 17] . The amount of cholesterol needed to form the saturated βCD:cholesterol complex depends on the type of βCD used (MβCD requires a significantly lower amount of cholesterol than 2OHPβCD) and on the βCD concentration [8] . [8, 76] . Typically, MβCD-cholesterol is used in the concentration range of 1-10 mM for MβCD, similar to concentrations of "empty" MβCD used for cholesterol depletion and the degree of cholesterol enrichment varies between ∼ 30% to ∼ 3-fold depending on the cell type (Table 3) [8, 10, 13, 18, 73, [77] [78] [79] . Typical exposures range between 30 min and several hours, but only limited amount of information is available about the time needed to achieve equilibrium. For example, Christian et al. [8] have shown that exposing CHO cells to 5 mM MβCD-cholesterol (8:1 molar ratio) or 25 mM 2OHPβCD-cholesterol (40:1 molar ratio) resulted in a gradual increase of cellular cholesterol over a period of several hours (N 6 h). In other cell types, however, equilibrium was achieved after shorter exposures (1-2 h) [13, 18] . Analysis of the kinetic parameters of cholesterol depletion has been suggested to provide insights into the mechanisms underlying βCD-mediated cholesterol flux, as discussed in the next section.
Mechanism of MβCD cholesterol removal
Much of the evidence for the elucidation of the mechanism of MβCD-induced cholesterol removal comes from the kinetic analysis of cholesterol efflux demonstrating that cellular free Cholesterol levels were measured as described in Whereas the fast pool of cholesterol was interpreted as corresponding to the outer leaflet of the plasma membrane, the nature of the slow pool was less obvious. Yancey et al. [76] considered three possibilities: (1) intracellular cholesterol, (2) cholesterol present in the cytoplasmic monolayer of the plasma membrane bilayer, and (3) a separate lateral lipid domain in the plasma membrane. Based on previous studies demonstrating that over 90% of cellular cholesterol is located in the plasma membrane [23, 80] and on their own finding that the sizes of this pool ranged from 50 to 80% of total cellular cholesterol, Yancey et al. [76] concluded that the slow pool is also located in the plasma membranes. To support this argument, Yancey et al. [76] found that two distinct kinetic pools of cholesterol were also observed with model membranes (large unilamellar cholesterolcontaining vesicles). However, it was not clear whether the slow pool originated from the inner leaflet, the slow time in that case corresponding to the flip-flop rate of cholesterol, or from cholesterol-enriched laterally separated domains in the outer leaflet. Since Yancey et al. [76] found that the exchange rate between the fast and slow pools was similar to the efflux rate from the slow pool, they could not exclude the possibility that cholesterol from the slow pool has to be transferred to the fast pool before it can be extracted by cyclodextrin. Even a simple binary system of cholesterol/POPC was shown to exhibit two kinetic pools of cholesterol exchange between the vesicles in an earlier study [81] with the results being interpreted as reflecting complex phase structure of the vesicles.
Based on their results, Yancey et al. [76] proposed a model of cyclodextrin-induced cholesterol efflux whereby a cyclodextrin molecule diffuses into the immediate proximity of the plasma membrane so that cholesterol molecules can diffuse directly into the hydrophobic pocket of the cyclodextrin molecule, without the necessity of completely desorbing through the aqueous phase, which is substantially more efficient than phospholipid acceptors. Accordingly, the activation energy of cholesterol transfer to cyclodextrin (7 kcal/mol) is much lower than the transfer to a phospholipid absorbing particle (20 kcal/mol). Taking into account that the activation energy is proportional to the degree to which the diffusing cholesterol molecule is exposed to water, Yancey et al. [76] estimated that about one third of the cholesterol molecule is exposed to water during the transfer to cyclodextrin.
Two cholesterol pools, with efflux half times of 15 ± 5 s and 21 ± 6 min were also found by Haynes et al. [82] in CHO-K1 cells. Similarly to the earlier paper by Yancey et al. [76] , Haynes et al. [82] argued that both pools are located at the plasma membrane. More recently, a similar finding was also reported for T lymphocytes [62] . The time constants of cholesterol efflux for the two kinetic pools were remarkably similar to those in previous studies (17 s and 15 min for the fast and slow pools respectively). In this study, the fast pool was associated with the raft domains whereas the slow pool was associated with non-raft membrane fractions [62] . Interestingly, two kinetic pools of plasma cholesterol with the fast pool associated with the raft domains were also reported for THP-1 macrophages exposed to Apoliprotein A-1 [64] .
A significantly different interpretation was advanced by Hao et al. [26] , who also observed two pools (MβCD extracts) in TRVb-1 (modified CHO) cells of fluorescent cholesterol analog, with half-lives similar to those reported previously [76, 82] . However, Hao et al. [26] , also showed that slower efflux was absent from energy-depleted cells. Accordingly, Hao et al. [26] suggested that the slow cholesterol pool is due to a large amount of cholesterol (35 ± 12% of the total) in the endocytic recycling compartment (ECR); the slow half-life corresponds to the energy-dependent efflux of ERC cholesterol into the plasma membrane. It is not clear how to reconcile these results with those of Yancey et al. [76] , especially in the light of the preponderance of evidence showing that ∼ 90% of total cellular cholesterol is residing in plasma membranes.
However, only one kinetic pool was observed by Steck et al. [83] for the exit of cholesterol from erythrocyte membranes (using MβCD), with a half-time of 1 sec, a single first order process, and an activation energy of 27-28 Kcal/mol. Thus, at least in erythrocyte membranes, there is only one, fast, cholesterol pool. Moreover, Steck et al. [83] observed that over 90% of total cell cholesterol was transferred to MβCD with this short half-time, showing that cholesterol flip-flop from the inner to the outer leaflet must occur at even shorter times. Steck et al. [83] considered three possible models for the transfer of lipids between membrane compartments: 1. simple collision mechanism that was suggested by some studies in late 80's and early 90 s primarily to describe the phospholipid transfer process [84, 85] , although the cholesterol transfer by this mechanism was also reported [86] . 2. The most commonly accepted aqueous diffusion pathway, where desorbed from the donor lipid molecules diffuse into the aqueous medium prior to capture with an acceptor by collision [87] and 3. activationcollision model, where lipid molecules are activated via partial protrusion from the bilayer and then captured by an acceptor via collision or returned to the ground state [88] . Only the last, activation-collision mechanism, agrees with the data presented in Steck et al. [83] . To address the discrepancy between their results and earlier stuides, Steck et al. [83] argued against aqueous diffusion coupled with a physical barrier (e.g., unstirred water layer, glycocalyx) model [89] by stating that poor access to the surfaces of donor cells, or unstirred water layer, can slow the diffusion of the desorbed cholesterol molecule only by a matter of seconds. Furthermore, Steck et al. [83] mention that small uncharged lipid vesicles have negligible unstirred water layers and lack protein coats but nevertheless show slow cholesterol transfer kinetics [89, 90] . Finally, the reported rapid transfer to acceptors of numerous polar membrane lipids and sterol derivatives (e.g. [88, 89, [91] [92] [93] argues against rate-determining diffusion barriers. To explain the slow exit kinetics from whole cells, Steck et al. [83] suggested that in activation-collision process there is a competition between the bulky acceptor and cell surface (recapture) for the partially projected monomer. This possibility, however, does not take into account that Yancey et al. [76] observed a slow kinetic pool with model membranes.
There is also an unresolved disagreement between Steck et al. [83] and Yancey et al. [76] regarding the activation energy of transfer. Steck et al. [83] notice that in their system, the high observed activation energy of transfer (27) (28) Kcal/mol) agrees with the typical values of cholesterol transfer which range from 10 to over 20 Kcal/mol [94] [95] [96] [97] [98] [99] , and similar values for synthetic phospholipids with 16-20 effective methylene units [87, 100, 101] . Yancey et al. [76] , on the other hand, reported that the activation energy is 7 Kcal/mol; and the cause of discrepancy between the results of Yancey et al. [76] and Steck et al. [83] is not clear. Overall, the critical question of the mechanism of cholesterol efflux from cells, including the existence and origin of two cholesterol pools in cellular and model membranes is currently unresolved. More studies are needed to decide among the suggested models.
3. Impact of βCDs on non-cholesterol membrane components 3.1. β-cyclodextrins may interact with membrane phospholipids
Model membranes
Several studies have demonstrated that βCDs may interact with membrane phospholipids. Specifically, Puglisi et al. [102] showed that cyclodextrins affect thermodynamic parameters of dipalmitoylphosphatidylcholine (DPPC) main phase transition as estimated by differential scanning calorimetry (DSC), implying cyclodextrin-DPPC interaction. Furthermore, Leventis and Silvius [103] showed that MβCD greatly accelerated the rate of transfer of DPPC between LUVs (250-fold at 1 mM), which was a stronger effect than the acceleration of cholesterol transfer. Only about half of DPPC was available for the transfer, from which Leventis and Silvius [103] concluded that only the outer leaflet DPPC was available, and that MβCD does not affect the flip-flop rate of DPPC. These results open a new dimension in considering possible artifacts in biological applications of MβCD: MβCD-induced transfer and redistribution of phospholipids among membrane domains with normally distinct phospholipid compositions and slow exchange rates. Such an effect would be most prominent at high MβCD concentrations (10 mM or higher), the same concentration range that is typically used to test the effects of cholesterol depletion on multiple cellular functions (see Tables  1 and 2) .
Consistent with these studies, Giocondi et al. [104] showed that incubation with MβCD results in formation of holes in dioleoylphosphaditylcholine (DOPC)/sphingomyelin (SM) bilayers as observed by atomic force microscopy, leading to the interpretation that MβCD removes not only cholesterol, but also phospholipids [104] . Moreover, Giocondi et al. [104] observed a triphasic response upon incubation of PC/SM bilayers with MβCD:cholesterol, with corresponding multiple phase transitions. Giocondi et al. [104] suggested that these transitions are due to a complex exchange of SM and cholesterol between the membrane and the CD complex, which finally results in formation of a uniform bilayer in the liquid ordered phase. On the other hand, other studies reported that βCDs have a much stronger effect on membrane cholesterol than on DPPC or SM. Specifically, Irie et al. [3] showed that HPβCD preferentially solubilized cholesterol (by about a factor of 10) as compared to DPPC or SM, whereas HPαCD has a strong preference for DPPC and SM. HPγCD solubilized cholesterol, DPPC, and SM similarly [3] . Furthermore, Ohvo and Slotte [5] reported that in mixed cholesterol/ DPPC or cholesterol/SM monolayers, 1.4 mM βCD did not extract DPPC at all, and the rate of desorption of SM was only 5% that of cholesterol. They also noted, however, that di-10-PC was desorbed at a rate of 35% relative to cholesterol. In summary, while the extent of βCD interactions with different membrane lipids vary significantly between the different studies, it is important to take into account that MβCD-cholesterol complex may not only donate cholesterol to cellular membranes but at the same time, also remove other membrane components.
Cells
There is also no consensus on the percentage of phospholipids extracted from cells by CDs, probably at least partially due to different types of cells and other conditions (e.g., the type, concentration, and duration of exposure to CDs) employed. A number of studies reported only minimal release of phospholipids from cell membranes under exposure to CDs: less than 5% of the initial cell-associated [14 c ]-choline labeled phospholipids was released after 1 h exposure with 1 mM MβCD in various CHO cells [105] and at most 2% of cellular phospholipids were released after a 5 h incubation with 5 mM MβCD from L-cells [7] . Several other observations are consistent with these studies: (a) removal of cholesterol from microvilli without affecting membrane phospholipids and glycosphingolipids by 2% (w/v) MβCD [106] (b) a limited efflux of choline-containing lipids from foam cell macrophages [107] : after 24 h incubation with 0.7 mM TMCD, 8.76% of phospholipids were extracted, as compared with 9.34% for the media alone [107] ; and (c) no effect of βCD on phospholipids in rat small intestine, whereas αCD had a significant effect [108] .
In contrast to these reports, however, Ottico et al. [72] reported that rat cerebellar granule cells released 50.2%, 14.5%, and 17.1% of the total cell complement of cholesterol, SM, and glycosphingolipids, respectively, after 30 min treatment with 5 mM MβCD. All of the sphingolipid species studied, except for ceramide, but including gangliosides, neutral glycosphingolipids, and SM were extracted by MβCD to the same extent [72] . The results of Ottico et al. [72] are consistent with earlier studies that demonstrated interaction of CDs with sphingolipids [109] [110] [111] [112] . The glycerophospholipids were released from cells to a much lesser extent (about 2% of total cell component after 30 min treatment with 5 mM MβCD [72] ). A significant extraction of phospholipids by βCD from brain endothelial cells was demonstrated by Monnaert et al. [113] : βCD at 5 mM for 2 h removed 19% PC and 63% SM. Ohtani et al. [4] reported that CDs extracted phospholipids from erythrocytes with the potency of α N β ≫ γ, with about 25% of the phospholipids removed by βCD. Rawyler and Siegenthaler [114] showed that CDs (including MβCD) removed acid lipids from thylakoid membranes. Finally, Niu et al. [13] noted that the amount of lipids extracted from outer disk membranes became significant at N 15 mM MβCD. In summary, there is not enough consistent information to predict the impact of βCD on the non-cholesterol lipid components of the membrane and additional control strategies should be employed to assess the specificity of βCD-induced effects. Some of the possible control strategies are discussed at the end of this review.
Putative mechanism for βCD-phospholipid interaction
Anderson et al. [115] noted that neither the solution-phase complexation model, nor the partition model are suitable for MβCD-POPC interaction (the latter because MβCD does not penetrate the membranes). Furthermore, Anderson et al. [115] considered the relative dimensions of the MβCD cavity (0.8 nm), and POPC acyl chains (about 2 nm in length each), which would suggested that each acyl chain needs two MβCD molecules to form the inclusion complex. Taking the radius of the MβCD cavity of 0.3 nm, the total hydrophobic surface of 4 MβCD molecules will be 6 nm 2 [115] . Accordingly, Anderson et al. [115] developed a new model of MβCD-POPC interactions that incorporates features of two previous models. This mechanism involves the formation of an initial inclusion complex between bilayer-phase POPC and a single MβCD molecule, followed by incremental attachment of three more MβCD molecules. The first step involves the removal of a phospholipid molecule from the bilayer environment into the aqueous phase prior to, or simultaneous with, binding to a cyclodextrin; whereas the following three steps only involve binding of additional cyclodextrins to the nascent complex.
Cyclodextrins may interact with membrane proteins
Because of the hydrophobic character of its pocket, MβCD is expected to interact with hydrophobic amino acids [116] [117] [118] and, in general, with hydrophobic protein domains. The hydrophobicity of MβCD makes it an extensive object of research for use as a drug delivery system [119, 120] . Indeed, MβCD was found to interact with such proteins as ubiquitin, chymotrypsin inhibitor 2 (CI2), S6 and insulin [121] . Studies with other CD forms demonstrated binding of βCD to glucoamylase 1 and its variants [122] , interaction of βCD with glycosyltransferase [123] and maltodextrin-binding protein [124, 125] , and formation of complexes of αCD with pig pancreatic amylase [126] and β-amylase from soybean [127] . CD-protein interaction was identified early on as one of the causes of CD-induced hemolysis. Thus, Irie et al. [11] reported that CDs differed in their capacity to induce hemolysis in the order of β N γ N α. Prominent hemolysis was observed at 3 mM βCD. Similarly, the potency of CD induced extraction of proteins from erythrocytes found to be in the order of: β ≫ γ N α [4] . CDs were shown to release a number of proteins from the murine T cell line P1798, including Thy-1, and induced partial removal of cell surface proteins CD46, CD26, MHC class I, and intracellular proteins Lck and Fyn [128] . A significant amount of GPI-anchored CD59 was released by MβCD from the human ECV304 cells [128] . The mechanism of this extraction, however, is unclear. Thus, Ilangumaran and Hoessli [128] noted that glycerophospholipids and glycoproteins are also released after treatment with MβCD, although no direct binding of MβCD to glycerophospholipids has been reported. Sheets et al. [14] showed that MβCD-induced inhibition of tyrosine phosphorylation is associated with the loss of 70% of receptorbound IgE, and 64% of ganglioside GD1b. The loss of Fc ε RI was attributed to vesicle shedding caused by MβCD treatment. It was also shown that CD can insert into the connexin pore [129] , and bacterial α-hemolysin pore [130] . Moreover, further modifications of the pore functions can be made by small guest molecules, residing in CD cavities, leading to CDs being termed as "molecular adapters" [130] . The affinity of CDs for proteins was also employed for the creation of artificial chaperones [131] .
In summary, there is no sufficient body of data available with systematic studies of the interaction of CDs with cell surface proteins to predict the effect of these compounds on cells in specific situations. Since these effects have a potential to affect cellular functions, more studies are needed to address this phenomenon.
Control strategies
In light of all the evidence that exposure of cells to βCDs may have multiple non-specific effects in addition to cholesterol depletion, it becomes increasingly clear that these treatments require a rigorous set of control conditions. Several studies compared the effects of MβCD-induced cholesterol depletion with other methods of reducing cellular cholesterol, such as decreasing cellular cholesterol level by serum starvation (e.g. [77, 132] ), sequestering cholesterol with filipin or nystatin (e.g. [12, 133, 134] , or modification of membrane cholesterol by its enzymatic degradation with cholesterol oxidase (e.g. [62, 133] ). These methods, however, introduce additional factors that are difficult to quantify, such as changes in the local concentration of cholesterol or a build-up of products of cholesterol degradation. We are going to discuss, therefore, two quantitative control strategies that have been suggested in recent studies: "cholesterol-matched" controls and substitution of cholesterol by its structural analogues.
Cholesterol-matched control
One of the frequently used controls for the specificity of MβCD function is exposing cells to MβCD saturated with cholesterol. The weakness of this approach is that, as described above, exposure to MβCD saturated with cholesterol may not maintain cellular cholesterol at a normal level but is instead likely to significantly increase cellular cholesterol. This is a problem because both cholesterol depletion and cholesterol enrichment may affect cellular functions. We propose, therefore, that a stronger control is exposing cells to βCD-cholesterol complexes that have no effect on the level of cellular cholesterol. This can be achieved by varying the molar ratio between a βCD and cholesterol in the complex. Indeed, Christian et al. [8] has shown that for both MβCD and 2OHPβCD, decreasing the degree of cholesterol saturation results in reduced ability of the complex to donate cholesterol until it reaches the "equilibrium point" after which the process is reversed, so that unsaturated βCD-cholesterol complex starts acting as cholesterol acceptor rather than cholesterol donor. The strength of this approach is that cells that are cholesteroldepleted, cholesterol-enriched and "cholesterol clamped", are all exposed to the same concentration of βCD. We have used this approach to determine the effect of cholesterol on the biomechanical properties of aortic endothelial cells [135] , and activities of K + channels expressed in Chinese Hamster Ovary cells [17] . This approach has also been used to determine the role of cholesterol in membrane ruffling and pinocytosis in A431 cells [18] . Specific conditions for the "equilibrium point", however, may be different for the different cell types. For example, while for BAEC the equilibrium point was achieved when the cells were exposed to 1:1 MβCD: MβCD:cholesterol ratio [120] ; under the same experimental conditions the equilibrium point for Chinese hamster ovary cells was achieved at 1:4 MβCD:MβCD:cholesterol ratio [17] (Fig. 2 ). Therefore these conditions should be verified empirically.
It is important to note that while "cholesterol-matched" controls are designed to have no effect on the total amount of cellular cholesterol, they may still have an effect on cholesterol distribution between different membrane fractions. This problem applies to the same extent to depletion/repletion experimental protocols. This issue can be tested by loading matched βCD with hot cholesterol and monitoring the kinetics of exchange of cholesterol between the cell and βCD, as well as the exchange between the different membrane fractions. It is also possible that matched βCD-cholesterol complexes may have significant effects on the distributions of membrane phospholipids, which may be tested by analyzing the phospholipid compositions of the different fractions. With these possible caveats, "cholesterol-matched" conditions are expected to be a better control than exposing the cells to MβCD saturated with cholesterol that is likely to significantly increase cellular cholesterol level.
Substitution of cholesterol by sterol structural analogues
An alternative strategy is to remove membrane cholesterol and substitute it with a different sterol. The basic rationale for this approach is that removing membrane cholesterol and substituting it with an equivalent amount of another sterol allows identifying structural determinants of cholesterol function, thus providing an insight for the mechanism responsible for cholesterol sensitivity of a particular process. Earlier studies have used structural sterol analysis in artificial liposomes to investigate the mechanisms by which cholesterol interacts with phospholipids [136] [137] [138] , regulates membrane permeability (e.g. [139] [140] [141] ), affects the physical properties of the lipid bilayer [142, 143] , and induces formation of ordered membrane domains [143] . Introduction of βCDs allows extending this approach to perform structural sterol analysis in cellular membranes in a quantitative and reproducible way.
This strategy has been applied in several studies in order to discriminate between cholesterol effects that are due to specific sterol-protein interactions or due to changes in the physical properties of membrane lipid bilayer. Specifically, performing multiple sterol substitutions, Gimple et al. [133] showed that whereas the effects of sterols on cholecystokinin receptor correlated with changes in membrane fluidity, oxytocin receptor had a unique requirement for cholesterol suggesting that this receptor is regulated by specific cholesterol-protein interactions. More recently, it was also shown that an optical isomer of cholesterol, epicholesterol, substitutes functionally for cholesterol in the regulation of GABA A receptor [144] . A similar approach was undertaken in our recent studies to elucidate molecular mechanisms responsible for cholesterol sensitivity of K + and Cl − ion channels in vascular endothelial cells [74, 78] . Our studies have shown that while endothelial inwardlyrectifying K + channels are very sensitive to the substitution of cholesterol with epicholesterol [74] , volume-regulated Cl − channels were not sensitive to this substitution at all [78] . Since the only difference between the two cholesterol analogues [74] and Byfield et al. [135] . MβCD saturated with cholesterol using the standard protocol. Briefly, small volume of a cholesterol stock solution in chloroform:methanol (1:1, vol:vol) was added to a glass tube and the solvent was evaporated. Then, 2.5 mM or 5 mM MβCD solution in DMEM medium without serum was added to the dried cholesterol. The tube was vortexed, sonicated, and incubated overnight in a shaking bath at 37°C. The mixture of MβCD and MβCD-cholesterol was prepared just by mixing the two solutions at different molar ratios.
is the rotational angle of a hydroxyl group and since the two sterols have similar effects on physical properties of the membrane [133, 143] , the sensitivity of K + channels to this substitution suggests that these channels are regulated by specific sterol-protein interactions. In contrast, sensitivity of volume-regulated Cl − channels to different sterols correlated with the known effects of sterols on membrane fluidity. In both cases, repleting cells with cholesterol brought the currents back to control levels. These observations provide an additional example for distinct mechanisms underlying cholesterol sensitivity of different membrane proteins in the same cell. This study, however, did not address the question of how different sterols are distributed between raft and non-raft domains.
What are the possible pitfalls and limitations of this approach? One important condition to perform these experiments in a well-controlled manner is to optimize the conditions of substitution in such a way that the total sterol level of a cell is not changed. If this condition is fulfilled, then the only variable is the ratio between native cholesterol and a given sterol. It is also important to note that the substitution is likely not to be complete. In our experience, depending on MβCD concentration and the time of exposure, typically we could achieve ∼ 50-70% of substitution but the degree of the substitution varied for different sterols even under the same experimental conditions (Fig. 3, [74,78] ). It is important, therefore, to quantify the amount of sterols incorporated under each set of experimental conditions. The more critical limitation of this approach is the uncertainty about whether or not the sterols are incorporated into the rafts and a paucity of information regarding the impacts of different sterols on the physical properties of the membrane. One approach to partially alleviate this concern is to compare sterol-substitution experiments with cholesterol repletion experiments as controls. In summary, we suggest that this is a promising approach that will become increasingly valuable as more information becomes available about the contributions of different sterols on various membrane properties. [78] . Briefly, the substitution experiments were performed by exposing the cells to MβCD solution saturated with a specific analogue. Different MβCD-sterol solutions were prepared as described above for MβCD-cholesterol. 
Conclusions
β-cyclodextrins (βCD) provide a unique tool to modulate cellular cholesterol in living cells, however it needs to be recognized that βCDs have pleiotropic effects on the level and distribution of different membrane components, as summarized in Fig. 4 . Furthermore, since under commonly used conditions βCDs extract cholesterol not only from the putative cholesterol-rich membrane rafts but also from the rest of the membrane (see Fig. 4A ), a common interpretation of βCD-sensitivity as direct evidence for the involvement of membrane rafts is not justified. However, exposing the cells to low (≤ 1 mM) cyclodextrin concentration for the short (2-10 min) period of time may have preferential effect on membrane fractions proposed to contain membrane rafts. Based on the analysis of all the literature described in this review, we suggest that the "best practices" for the use of cyclodextrins include: (1) To limit the exposure to the conditions specified above and to verify the degree of cholesterol depletion in total and plasma membranes because the efficiency of βCD in extracting cholesterol may vary significantly depending on βCD concentration, duration of the exposure and the cell type. (2) It is important to recognize that saturated βCD-cholesterol complex, a commonly used control for the specificity of βCD effects to cholesterol, may actually bring cellular cholesterol significantly above the control level (Fig. 4B) and it may be beneficial to expose the cells to an "equilibrium" MβCD:cholesterol mixture. a "cholesterol-matched control". (3) Finally, we suggest that substituting cholesterol with other sterols using βCDs as carriers, will provide additional insights into the role of cholesterol in cellular function.
